Highly conductive, solution-processed silver thin-films were obtained at a low sintering temperature of 100°C in a short sintering time of 10 min by introducing oximes as a potential reductant for silver complex. The thermal properties and reducibility of three kinds of oximes, acetone oxime, 2-butanone oxime, and one dimethylglyoxime, were investigated as a reducing agent, and we found that the thermal decomposition product of oximes (ketones) accelerated the conversion of silver complex into highly conductive silver at low sintering temperature in a short time. Using the acetone oxime, the silver thin-film exhibited the lowest surface resistance (0.91 Ω sq −1 ) compared to those sing other oximes. The silver thin-film also showed a high reflectance of 97.8%, which is comparable to evaporated silver films. We also demonstrated inkjet printed silver patterns with the oxime-added silver complex inks.
Introduction
Thin-film metals are widely used in various fields, such as mirror coating, the electrodes of electronic devices, and the wiring of integrated circuits [1, 2] . The metal films are generally formed by sputtering or thermal evaporation, but these methods require long and complicated processes including a high vacuum condition and high temperature. In particular, these processes have severe constraints on forming the electrodes upon flexible substrates or biomaterial/organic layers due to damages. To resolve the issues, low-temperature and solution-processible precursors containing micro-or nanosized metal particles have been introduced [3] [4] [5] [6] [7] , which enable us to fabricate thin metal films and electrodes in an ambient condition using typical solution processes (for instance, spin-coating, inkjet printing, or spray printing). The films are easily turned into conductive metals after sintering. Also, metal precursors can be dispersed in various kinds of organic solvents (and even in water) by changing the functional ligand molecules. Thus, solution-processible metal electrodes have been considered as a promising candidate for the next-generation electronic devices.
Among various metal precursors, low-dimensional silver nanostructure dispersion, i.e., Ag nanoparticles (NPs), Ag nanowires and Ag complexes, has attracted great attention for decades owing to their interesting physical phenomena (such as surface plasmon resonance) as well as the lowest electrical resistance among all metals [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Silver nanostructures capped with organic surfactants show good colloidal stability, and they can be deposited and patterned by conventional printing methods and photolithography, as well. Owing to persistent study, the sintering temperature has been decreased to less than 150°C [3] [4] [5] [6] [7] [13] [14] [15] , though it is not sufficiently low to apply to some plastic substrates having low glasstransition temperatures (T g ), and it requires a long sintering time of over 30 min. Furthermore, because the electrical resistance when sintered at low temperature is considerably higher than that when sintered at higher temperatures, the use of solution-processed silver electrodes has been limited to the devices that are less vulnerable to ohmic drop such as organic thin-film transistors [13] [14] [15] . In order to improve the electrical conductivity of the sintered silver thin-films, a much higher sintering temperature and longer sintering time are required.
In this paper, for a fast and low-temperature sintering, we introduce a method using oximes as a potential reducing agent for Ag complex to obtain a highly conductive silver thin-film. The silver thin-film formed by this method at a low sintering temperature of 100°C in a short sintering time of 10 min showed superb properties in terms of low sheet resistance (0.91 Ω sq −1 ) and a high reflectivity (97.8%) on polyethylene terephthalate (PET) substrates, which are comparable to evaporated silver films on the plastic substrate. We investigated the thermal properties of oximes and the reduction mechanism by using the thermogravimetric analysis (TGA) and NMR. From scanning electron microscope (SEM) images of the films, we found that the addition of oximes accelerated the growth of silver grains at the same sintering temperature and time conditions. We also demonstrated inkjet-printed silver patterns with the oxime-added silver complex inks.
Methods
Silver 2-ethylhexylcarbamate was obtained from InkTec. Acetone oxime, 2-butanone oxime, and dimethylglyoxime were purchased from Sigma-Aldrich. Surface resistance was measured with a typical four-point prober (CMT-SR100N). The TGA were conducted on a thermogravimetric analyzer (TGA1, Mettler Toledo) in ambient air under a heating rate of 10°C min −1 . X-ray diffraction (XRD) was carried out by Rigaku Ultima IV (a Cu Kα x-ray at 40 kV, 30 mA) with a scan rate of 5 degree/min. The SEM images were obtained with a MIRA1 (Tescan). Fourier transform-infrared (FT-IR) spectra were recorded through Bruker VERTEX 70 in the range of 4000-400 cm −1 (resolution: 4 cm −1 , the number of scans: 128 times) at room temperature. FT-IR spectra are measured using the KBr wafer technique. The NMR spectra were obtained with a Varian Unity Innova at 500 MHz. The antenna patterns for RFID tags were printed using an inkjet printer (DMP-2831, Dimatix) equipped with a DMC-11610 head.
Results and discussion
An oxime, which is an aldoxime or a ketoxime based chemical compound, is one of the heat labile materials. It decomposes easily into ketones or aldehydes, and hydroxylamines during its hydrolysis with heat (scheme S1 in supplementary data). When an oxime is added into the silver complex solution, the mixture is stable at room temperature. When heated during the sintering process, ketones or aldehydes will be formed and help with the rapid reduction of Ag complex into silver. In addition, because neither ketones nor hydroxylamines, which are highly volatile, remain in the Ag film, oxime can be a good catalytic potential reductant.
We used a commercially available silver complex, i.e., silver 2-ethylhexylcarbamate (Ag-CB), of which the chemical structure is shown in figure 1 . As reported previously, the Ag-CB film exhibits low electrical resistance after annealing it at 150°C or higher temperature for more than 30 min [12] . To decrease the sintering temperature and time, we introduce oximes as a potential reducing agent. Three kinds of oximes were investigated and compared as a potential reducing agent to Ag-CB, which are two monoxime derivatives, acetone oxime (AO) and 2-butanone oxime (BO), and one glyoxime derivative, dimethylglyoxime (DMG), as shown in figure 1. Two monoximes, AO and BO, are thought to be good candidates for a low-temperature reductant because they showed low decomposition temperature (5% weight loss) of 54°C and 69°C, respectively, measured by TGA (figure 2). On the contrary, DMG possesses a quite high decomposition temperature of 158°C, but we examined DMG as a reductant in this study to compare the reducibility between monoxime and glyoxime. Although the oximes fully decomposed above 100°C, it is expected that 2-ethylhexylamine (a base) included in the Ag-CB complex catalyzes the decomposition of oximes at lower temperature. To verify the reduced decomposition temperature with a base, we measured the thermal decomposition of oximes blended with a base in the molar ratio of 1:1 (i.e., the mixture between 2 g of 2-ethylhexylamine and 1.13 g of AO, 1.34 g of BO, or 1.79 g of DMG) and the pristine oxime by TGA. Figure 2 shows that all oximes with a base start to decompose at much lower temperatures than those in pristine oximes.
The decomposition was also confirmed by NMR and FT-IR. Figure S1 in supplementary data shows the NMR spectra of AO with 2-ethylhexylamine annealed at 30, 40, 60, and 80°C. From 60°C, a hydroxylamine (i.e., a by-product of the decomposed oxime) peak can be observed, meaning that AO were decomposed into acetones and hydroxylamines at that temperature. In other words, oximes can promote the sintering of Ag-CB at such a low temperature. Figure S2 shows the FT-IR spectra of Ag films using AO as a reducing agent at different sintering temperatures (40, 60, or 100°C), and those with a different reducing agent (AO, BO, or DMG) sintered at 100°C. The peak intensity at around 1715 cm −1 (from C=O)
in the 60°C sample is higher than that in the 40°C sample, which means that more acetone was formed at 60°C by the decomposition of oximes. At 100°C, the peak disappeared because highly volatile ketones were vapoured out at 100°C. Meanwhile, other peaks at around 700-1500 cm −1 from organic moieties of Ag-CB precursors, solvents, amines, or others disappeared when sintered at 100°C for all samples, meaning that Ag-CB was changed to metallic Ag mostly without incidentals.
To verify the properties of the Ag thin-film sintered using oximes as a potential reducing agent, we measured the XRD patterns of the Ag films using AO sintered at 40, 60, and 100°C, and those using BO and DMG sintered at 100°C, as shown in figure 3 . The XRD of a bare PET film is also plotted. Compared to the data of pure silver (the JCPDS card file No. 87-597), Ag films sintered at 100°C using oximes showed metallic Ag peaks clearly. On the contrary, no Ag peak was observed in the Ag films sintered at 40 and 60°C.
We could know that the Ag-CB was rapidly changed to metallic Ag at the sintering condition of 100°C for 10 min by using oxime as a reductant. The reducibility of three oximes to Ag-CB was compared by measuring the sheet resistance of silver thin-films. For the experiment, we mixed oximes to alcohol based Ag-CB solution in various ratios as shown in table 1. To maintain the concentration of Ag-CB, isopropyl alcohol (IPA) was used as balance solvent. Since DMG showed low solubility in alcohol, the concentration of DMG was much lower than the others. About 240 nm-thick silver thin-films were fabricated by spin-coating the blend solution on PET substrates, followed by sintering in a convection oven at 100°C for 10 min After the sintering, the silver films from pristine Ag-CB complex showed extremely high sheet resistance of 39 MΩ sq −1 due to the low-temperature and short time.
Compared to this result, the silver films using oximes as a reducing agent exhibited much lower sheet resistance (a few Ω/sq) over the entire concentration, meaning that oximes are good reductant for Ag-CB complex. The sheet resistance decreased as increasing the amount of AO or BO. In particular, the samples using AO showed the lowest resistance, which was 1.2 Ω sq −1 in sample AO-2, and less than 1 Ω sq
with higher AO concentrations (AO-3 to AO-5). The films with BO showed slightly higher values than AO at the same concentrations but still lower than 10 Ω sq −1 . It is attributed to the difference of reducibility between AO and BO, because AO forms acetones while BO forms methyl ethyl ketones after decomposition. Therefore, we know that acetones have better reducibility of Ag-CB to methyl ethyl ketones. Meanwhile, the samples with DMG showed the sheet resistance of 10-30 Ω sq −1 , higher than AO and BO. Because the solubility of DMG is lower than the others, a small amount of 2,3-butanedione is formed. Thus, the resistance of the DMG sample was higher than those of the AO and BO samples. Nevertheless, the values were much lower than the sample without any reductant.
To ascertain the causes of enhanced electrical conductivity via oximes, we compared the morphology of the films without a reductant and with AO, BO, or DMG (sintering at 100°C for 10 min) with an SEM. Silver grains are large and tightly packed in the sample, with AO and BO as shown in figures 4(b) and (c), whereas the film formed with normal Ag-CB [figure 4(a)] has smaller grains and vacancies that hinder the electrical conduction. The film with DMG in figure 4 (d) formed a few masses of Ag particles, but their interconnection seems to be poor. From the results, we know that oximes accelerate the growth of silver grains leading to high conductivity and reflectance.
We also examined the sheet resistance changes with and without reductant depending on the sintering time. Because AO showed the highest electrical conductivity in the experiment above, we spin-coated AO-2 solution on PET substrates and annealed them at 100°C, changing the sintering time from 3 min to 60 min As plotted in figure 5(a) , the silver thinfilm with AO showed electrical conductivity only after 3 min The sheet resistance steeply decreased to 1 Ω sq −1 in 20 min, and finally reached 0.7 Ω sq −1 after 60 min. On the contrary, it was slow in sintering Ag-CB without reductant. The sheet resistance of the film made from pristine Ag-CB solution was barely measurable after 25 min of sintering, and reached only 1.5 Ω sq −1 after 60 min of sintering. This result clearly shows that using oxime is more efficient to sinter Ag-CB. which are comparable to a commercial reflection film. It means that the silver thin-film has a highly uniform and smooth surface.
We also made silver ink by adding small amount of stabilizer and wetting agent into the silver complex solution with acetone oxime to demonstrate the compatibility with printed electronics. Using this ink, we demonstrated commercial passive ultra-high frequency (UHF) dipole antennas for radio frequency identification (RFID) tags by inkjet printing on a PET substrate. Printed patterns in figure 6 showed the thickness of ∼250 nm and exhibited good conductivity as presented above, despite the low sintering temperature.
Conclusion
We introduced three types of oximes (AO, BO, and DMG) as a potential reducing agent of a Ag-CB complex. The oximes decompose to acetones or methyl ethyl ketones during sintering of Ag-CB, which increases the speed of sintering at low temperature (100°C). Silver thin-films with oximes showed larger grain size and few vacancies, resulting in much lower sheet resistance compared to the film without an oxime. The film was highly reflective comparable to a commercial reflection film. We also successfully demonstrated patterned electrodes for UHF RFID tags with oxime-added silver ink created by inkjet printing. The approach for fast, low-temperature, and solution-processible silver thin-film, described in this paper, is expected to be widely applicable to the development of reflectors, integrated circuits, and bio/ organic/flexible electronic devices.
